A 100-400 km wide region of the coastal Eastern Arabian Sea (EAS), off the west-coast of India, is characterized by a low-salinity tongue formed by the inflow of low-salinity surface water from the Bay of Bengal (BoB). This low-salinity tongue is largely driven by the sea level higher in BoB than in the Arabian Sea and by alongshore pressure gradient between southern-and northern-EAS, and is expected to respond to summer monsoon freshwater flux to the bay. Here, we report past variation in the relative intensity of summer-and winter-monsoons based on changes in the north-south salinity gradient within this low-salinity tongue. The salinity gradient is estimated from paired measurement of δ 18 O and Mg/Ca in Globigerinoides sacculifer extracted from sediment cores collected at northern highsalinity and southern low-salinity locations within this tongue.
Introduction
The sea surface-temperature (SST) and -salinity (SSS) in the Eastern Arabian Sea (EAS) are readily influenced by the strength of seasonally reversing monsoons, characteristic of the northern Indian Ocean. The monsoon dynamics also drive the inter-basin exchange of surface water between perennially less-saline Bay of Bengal (BoB) and more-saline Arabian Sea (Shetye et al., 1991; Shankar and Shetye, 2001) . Evaporation dominant (E-P > 1) conditions in the Arabian Sea, and precipitation dominant (E-P < 1) conditions in the BoB, together result in distinctly different SSS structure between these two basins (Prasanna Kumar and Prasad, 1999; Wilson et al., 2009 ). The contrasting E-P along with local wind forcing during the post-summer monsoon period cause differing sea levels between the southeast-and southwest-coasts of India, which result in alongshore pressure gradient, forcing the lowsalinity BoB water to flow into the EAS (Shankar and Shetye, 2001 ). Model runs have been able to reproduce this climatological set-up, driving the low-salinity water plume entering into the EAS from BoB (Vinayachandran and Curian, 2008) . The local surface water δ 18 O is sensitive to change SSS, and can be extracted from the isotopic signal of planktonic foraminifera when its SST component is estimated from Mg/Ca ratios. In modern conditions, the SST cooling associated with increased (decreased) SSS reflects relatively stronger winter (summer) monsoon.
A low salinity plume originating in the eastern coastal region of India (western BoB) during the post summer monsoons (i.e., Winter-Fall) travels around Sri-Lanka, enters into southern-EAS and penetrates northward up to 15 o N latitude (off Goa) as a low-salinity tongue ( Figure 1 ). This tongue is quite wide (~400 km) at the entry point (southern-EAS) and narrows as it travels northward. The cause of this low-salinity plume is attributed to the higher sea level in BoB than in the Arabian Sea and the prevailing wind system in the region (Shankar and Shetye, 2001 ). The BoB receives 50 times more freshwater (~100,000 m 3 /s) than the EAS (~200 m 3 /s) during the summer monsoon (University of Wisconsin-Madison, 2010 ). This in turn establishes alongshore density gradient and differing sea levels between the east (high) and west coast (low) of India resulting in intense poleward flowing plume of low salinity water into the EAS following the summer monsoons. As a consequence, ~6 Sv of low-salinity BoB water is advected into the EAS (Shankar 2000) , which is already preconditioned with lowered salinity due to summer monsoon overhead precipitation and seasonal outflow of medium to small rivers draining the Deccan Mountains. Hence, the EAS is distinctly marked with low-salinity water bounded to the north and west by high-salinity waters characteristic of the Arabian Sea (HSW). The SSS in this low-salinity tongue gradually increases from southern-EAS as it moves poleward and becomes indistinguishable at central-EAS (off Goa) due to overwhelming influence of HSW. Thus, the dynamics of this low-salinity plume in the EAS is dictated by the Indian monsoon system. Therefore, the temporal variation in the north-south SSS gradient in this low salinity tongue may be useful to understand the past changes in relative intensities of summer and winter monsoons. Keeping the river discharge and overhead precipitation driven freshening of the Arabian Sea and BoB as a basis, the relative increase in summer monsoons would strengthen the low-salinity tongue in the EAS; While, the relative weakening of summer monsoons would tend to reduce the SSS contrast between the two basins or weaken this tongue. This forms the preamble for the present study.
Here, we report the past changes in North-South SSS-gradient within the low-salinity tongue to understand variability of summer and winter monsoons since the Last Glacial Maximum (LGM). For this, two sediment cores collected at two ends of the low-salinity tongue are used. The northern core is located presently at the termination of low-salinity tongue where influence of HSW is distinctly evident by SSS of >36 psu and narrow low SSS band (<100 km wide). The southern core, on the other hand, is located at the entry of low-salinity tongue, which is evident by distinctly low-SSS water (<35 psu) and broad low-SSS band (>400 km wide) (Figure 1 ). Paired measurements of δ 18 O and Mg/Ca in G.
Sacculifer (without terminal sac) were utilized to estimate SST and δ 18 O seawater to reconstruct past changes in the SSS.
Materials and Methods
The upper 150 cm section of two ~5 m long sediment cores from EAS (SK117/GC08 and SK129/CR04: Figure 1) were used for the present study. (Danzeglocke et al., 2007) (Table 1) , and estimated linear sedimentation rates between two dated sections ( Figure 2 ). The core-top age for northern location core is 2259 ± 64 y BP and for southern core is 3048 ± 67 y BP. The last dated sections correspond to 34124 ± 402 and 32564 ± 386 y BP respectively. Thus complete LGM and most part of the Holocene period is retrieved.
The G. sacculifer is a spinose mixed-layer dwelling planktic foraminifer (Hembleben et al., 1989) calcifying in a narrow depth range of 25-40 m (Farmer et al., 2007) , which is relatively more resistant to dissolution compared to other planktic foraminifera (Dekens et al., 2002; Delaney et al., 1985) , having nearly uniform inter-chamber distribution of Mg and Ca (Eggins et al., 2003) . Previously published δ 18 O data for both the sediment cores (Banakar et al., 2005; Chodankar et al., 2005) and paired Mg/Ca SST for the northern location core (Banakar et al., 2010) were available for the present study. To obtain paired data, for southern location core, the depth sections and size of the tests for calibration was preferred as, a) it was species specific, b) the ocean-atmosphere coupled phenomenon over the northern Indian Ocean and western Pacific are similar (Webster and Fasullo, 2002) , and c) the western Pacific and the tropical Indian Ocean are well connected. The latter two reasons, at the outset, appear to be the hydrographic factors that have caused simultaneous termination of G. ruber (pink) only from tropical Indo-Pacific ~125 kyr ago (Thompson et al., 1979) . The sea level corrected δ 18 O G.sacculifer (Shackleton, 2000) was translated into δ 18 O SEAWATER using Epstein et al. (1953) paleotemperature
Although, the time-series of global ice volume of Shackleton (2000) is not based on the radiocarbon age control, it is one of the robust ice-volume datasets available for the ice-volume (sea-level) correction. (Rohling et al., 2007;  estimated error on the present data is ~1 psu), it is more convenient to appreciate changes in salinity than changes in corresponding δ 18 O SEAWATER .
Results and Discussions
The O G.sacculifer remained heavier than in the latter location throughout the dated interval (see Figure 3) , indicating the existence of north-south SSS gradient in the past also, considering nearly similar changes in SSTs at both core-locations. The LGM-Holocene δ 18 O G.sacculifer contrast in both sediment cores is ~2 ‰, of which, 1.2 ‰ could be accounted for global ice volume change (Shackleton, 2000) . The reminder of ~0.8 ‰ would therefore was caused by changes in ambient local-SST and -SSS). The δ 18 O G.sacculifer in both the records exhibit monotonous decrease from ~18 ka BP to attain Holocene optimum at ~8 ka BP. This 10 kyr period is the well known transition of global climate from cold-to-warm surrounding the Termination-1.
The Mg/Ca ratios vary between 3 and 4 mmol/mol (see Appendix), which is within the expected range for tropical oceans (Lea et al., 2000; Barker et al., 2005; Saraswat et al., 2005; Dahl and Oppo, 2006 Step-increases have also been observed in other Arabian
Sea SST time-series at around 15-12 ka BP (Saher et al., 2007; Anand et al., 2008) , making this feature typical of deglacial Arabian Sea SST evolution. We speculate that, the step-increases in SSTs through the deglacial warming may be a necessity for sea surface-preconditioning before another warming event in partially land-locked seas, where two bodies (land and ocean) with large difference in heat capacity LGM-EAS appears to be intermittent weakening of glacial winters. As the winters during glacial periods are more intense and prolonged than during the interglacials (Prell and Van Campo, 1986) , and also have profound influence on SSTs of the Arabian Sea (Fontugne and Duplessy, 1986) , even a short-term weakening of winter monsoons would induce distinct warming of the SST in the northern Indian Ocean as a whole. Further, Figure 6 shows comparable events of ~8 ka cooling, beginning of deglaciation, and glacial cooling in the entire EAS, but there are other warming events with timing offsets at different locations within the EAS. Such behavior of SST time series from the EAS probably suggests geographically variable local climatology. The ecosystem modeling for the Arabian Sea (Murtugudde et al., 2007) clearly brings out the effect of wind stress and wind speed in driving the surface climatology that changes from coast to open ocean under similar monsoon forcing.
The locally variable wind stress curls during the strong monsoons could result in downwelling in some parts leading to deepening of the mixed layer resulting in entrainment cooling. Hence, ocean dynamics might be driving the surface temperatures rather than evaporative cooling forced by strong monsoon winds alone (Murtugudde et al., 2007) .
The SSS estimates from core-top sections of the northern-and southern-locations are 36.2 and 35.6 psu respectively, which are nearly similar to the modern SSS at those locations (see Figure 1b) with a modern north-south gradient of ~0.6 psu. The SSS reduction from LGM to Holocene at northern location is 1.5 psu and at southern location is 1 psu, i.e., the SSS shift from LGM to Holocene in northern-EAS was 0.5 psu more than that at the southern-EAS. Further, the north-south SSS gradient during LGM was 1.2 psu and that decreases to 0.7 psu during the Holocene. These distinct location specific and spatial changes in SSS at the outset could be attributed to significantly different SSS structure during the LGM as compared to the Present (Holocene). Presently, the northern location is influenced partially and the southern location totally by the low-salinity tongue. The 0.5 psu higher change from LGM to Holocene in the northern location and 0.5 psu larger north-south gradient during the LGM together suggest a probable withdrawal of the low salinity tongue from the northern location.
This scenario requires considerable reduction of sea level difference between East Coast (BoB) and West Coast (EAS) of India, which is feasible only if the E-P of the BoB is significantly increased. Such drastically different surface climatology of the LGM-BoB indicates considerably weakened summer monsoons and strengthened winter monsoons. The reduced north-south SSS gradient during the Holocene (Figure 5 ), on the other hand, suggests strengthened low-salinity tongue due to reducedsalinity-water inflow from BoB, i.e., intensification of summer monsoons. This observation based on the dynamics of the low-salinity tongue is consistent with monsoon proxy stack of Clemens and Prell (2003) . The strengthening of low-salinity tongue would push back the northern Arabian Sea HSW-front resulting in reduced influence of high salinity water on the northern location. This is possible when the sea level in BoB is significantly higher than in the EAS and Western Ghats (Deccan Mountains) river discharge to the EAS is increased. In light of modern observations such hydrological conditions are typical of intensified summer monsoons.
The deglaciation in EAS is marked by rapid reduction in SSS at both locations between ~18 and 
Summary
The last ~32 ky records of surface climatology in the low salinity tongue of Eastern Arabian Sea contain important clues for past variability in the Indian monsoon system. While the SST changes from the Last Glacial Maximum to Holocene were nearly uniform at the northern and southern ends of that tongue, the surface salinity shift was higher at the northern end suggesting altogether different surface salinity structure in the EAS during the glacial maximum. The north-south surface salinity gradient was also different during the LGM as compared to the Holocene. The increased N-S salinity gradient during the LGM indicates diminished low-salinity tongue, probably caused by significantly weakened summer monsoon freshwater flux to the Bay of Bengal and increased winter evaporation in the Arabian Sea.
Therefore, high-resolution reconstruction of variation in the salinity structure of the coastal Eastern
Arabian Sea could be a powerful tool to understand the precise variation in the relative intensities of summer and winter monsoons. (Lisiecki and Raymo, 2005) and SPECMAP (Imbrie et al., 1984) . The curve used for ice-volume correction (Shackleton, 2000) is also shown in panel 3 from top. Broken vertical lines indicate marine isotope stage boundaries and beginning of deglaciation identified in the studied sediment cores. The black and red color filled squares on LR04 and SPECMAP respectively indicate MIS1/2 and 2/3 in those reference records. SK129/CR-04 is the new core utilized for the present study (Core Number enclosed within box).
Other SST time-series are published records (see Table 2 ). Although general structures of variation in the above time-series are comparable, there are minor events showing timing and amplitude (see discussion).
CAPTIONS TO TABLES Table 1 . Details of the sections dated by AMS-radiocarbon along with the laboratory references. 
